Aims Cryopreservation is the only long-term conservation strategy available for germplasm of recalcitrant-seeded species. Efforts to cryopreserve this form of germplasm are hampered by potentially lethal intracellular freezing events; thus, it is important to understand the relationships among cryo-exposure techniques, water content, structure and survival. † Methods Undried embryonic axes of Acer saccharinum and those rapidly dried to two different water contents were cooled at three rates and re-warmed at two rates. Ultrastructural observations were carried out on radicle and shoot tips prepared by freeze-fracture and freeze-substitution to assess immediate (i.e. pre-thaw) responses to cooling treatments. Survival of axes was assessed in vitro. † Key Results Intracellular ice formation was not necessarily lethal. Embryo cells survived when crystal diameter was between 0 . 2 and 0 . 4 mm and fewer than 20 crystals were distributed per mm 2 in the cytoplasm. Ice was not uniformly distributed within the cells. In fully hydrated axes cooled at an intermediate rate, the interiors of many organelles were apparently ice-free; this may have prevented the disruption of vital intracellular machinery. Intracytoplasmic ice formation did not apparently impact the integrity of the plasmalemma. The maximum number of ice crystals was far greater in shoot apices, which were more sensitive than radicles to cryo-exposure. † Conclusions The findings challenge the accepted paradigm that intracellular ice formation is always lethal, as the results show that cells can survive intracellular ice if crystals are small and localized in the cytoplasm. Further understanding of the interactions among water content, cooling rate, cell structure and ice structure is required to optimize cryopreservation treatments without undue reliance on empirical approaches.
INTRODUCTION
Cryopreservation using storage temperatures below -150 8C is the only option for maintaining long-term viability of embryo tissues from species producing recalcitrant (i.e. desiccationsensitive) seeds (e.g. Engelmann, 2011) . Preventing ice from forming within cells is held to be the primary challenge for cryopreserving hydrated tissues. The essential paradigm has long been that intracellular ice is lethal (Meryman, 1968; Mazur, 1984) ; only 2 -4 % of ice per total water is allowable for cell survival (Karlsson et al., 1993) .
A dominant focus in the field of cryobiology has therefore been an exploration of how to prevent ice from forming in cells by manipulating interacting factors such as cooling/ warming rates, cryoprotectant composition and cellular water content (Fahy, 2007; Sakai and Engelmann, 2007; Benson, 2008; Leibo, 2008; Saragusty and Arav, 2011; Liu et al., 2012) . Studies of single cells or cell cultures show a characteristic inverted 'U' in response to cooling rate with higher survival for both slow (0 . 001-0 . 1 8C s
21
) and fast (100-10 000 8C s 21 ) cooling, and mortality at intermediate rates (Mazur and Koshimoto, 2002; Dumont et al., 2004; Seki and Mazur, 2012) . Relatively slow cooling favours water migration and freezing in extracellular spaces, essentially decreasing water concentration within the cell in a process described as freezedesiccation (Mazur, 1984) . By contrast, fast cooling favours liquid super-cooling and eventual vitrification (Franks, 1985; Mazur, 1990; Bald, 1993; Vajta and Nagy, 2006; Fahy, 2007; Walters et al., 2008) . Intracellular ice forms at intermediate cooling rates. Cooling rates at which cells either vitrify, effectively freeze-desiccate or lethally desiccate range considerably among cell types depending on physiological traits such as membrane permeability to water, cell constituents and tolerance to water stress (Sakai and Yoshida, 1967; Mazur, 1984; Steponkus et al., 1993; Vertucci and Stushnoff, 1992; Mazur and Koshimoto, 2002; Dumont et al., 2004; Wesley-Smith et al., 2004a, b; Skyba et al., 2011) . Hence, terminology such as 'slow' and 'fast' cooling must be considered in the context of the implied mechanism to avoid intracellular ice (i.e. freeze-desiccation or vitrification) as well as the particular properties of the relevant cells.
During vitrification, a meta-stable glass forms before water molecules can self-aggregate to form ice nuclei and grow crystals (Fahy et al., 1984; Fahy, 2007; Vajta and Nagy, 2006; Liu et al., 2012) . The viscosity of the solution determines the rates of nucleation and ice crystal growth, which may have different kinetic behaviours (i.e. dependencies on viscosity) (Franks, 1985) . In dilute solutions, water vitrifies (i.e. forms a glass) at about -135 8C (Franks, 1985) and cooling to this temperature must occur at about 20 000 8C s 21 to prevent ice from forming at sub-zero temperatures (Bald, 1987) . Achieving cooling rates of hundreds to thousands of 8C s 21 requires small thermal mass, which is controlled by sample size and heat capacity, and a sample geometry that maximizes surface area relative to volume to promote faster heat dissipation (Bald, 1987; Walters et al., 2008) .
Cooling rates required to induce vitrification of aqueous solutions can be reduced by six to seven orders of magnitude by increasing the viscosity of the aqueous solution within cells. Increasing viscosity is usually accomplished by drying (Buitink and Leprince, 2008; Walters et al., 2010) or by adding cryoprotectant solutions, although the effect of cryoprotectants on viscosity is largely unknown (Fahy et al., 1984; Franks, 1985; Volk and Walters, 2006) . As water content declines and solute concentration increases, the glass transition temperature increases. Eventually the cellular matrix vitrifies at temperatures above the freezing point of water (Williams et al., 1993; Buitink and Leprince, 2008; Walters et al., 2010) . Cells having less than about 0 . 25 g H 2 O (g dry mass)
21 (often called the 'unfreezable' or 'unfrozen' water content) are so viscous that ice transitions are virtually eliminated (Vertucci, 1989a; Pammenter et al., 1991) . Survival of cryo-exposed materials that tolerate desiccation to this moisture limit or below may show an inverse relationship with cooling rate (Vertucci, 1989b; Vertucci et al., 1991; Pence, 1992; Wesley-Smith et al., 2004b; Walters et al., 2008) . Experiments using embryonic axes of recalcitrant seeds demonstrate that successful cryopreservation can be accomplished over a range of water contents by balancing cellular viscosity and cooling rate (Wesley-Smith et al., 2001a, b; 2004a, b; Walters et al., 2008) . Reducing water content of a sample to increase viscosity has the added benefit of increasing the rate at which the sample cools because the mass and heat capacity are also reduced.
Models of cooling rate as a function of sample size and water content (Walters et al., 2008) confirm that whole recalcitrant seeds are generally too massive (Tweddle et al., 2003; Daws et al., 2006) to survive cryo-exposure. Reducing specimen size is accomplished by excising the embryonic axis (Normah and Makeen, 2008) or the axis apical meristem ( plumule) (Chmielarz et al., 2011) and ultimately growing it in vitro. However, the stress of excision may limit the ability of the axis to recover from cryo-exposure and grow normal shoots or roots (Berjak et al., 2011) . With other variables seemingly equal, normal development of embryonic axes from tropical woody species, especially development of the shoot after cryo-exposure, remains elusive (Normah et al., 2011) .
Damage often occurs in cells during freezing. It is generally accepted that osmotic effects (i.e. desiccation damage) are responsible for cell death from extracellular freezing (Mazur, 1963 (Mazur, , 1984 (Mazur, , 1990 Meryman, 1968; Vertucci and Stushnoff, 1992) . However, the mechanisms of damage upon intracellular freezing are still a matter of conjecture. Intracellular ice has been considered almost invariably and unequivocally lethal, but proposed mechanisms for the devastating effect(s) are rare in the literature. Mechanical stress arising from the ice front may create forces that perturb cell structures (Mazur, 1984; Ishiguro and Rubinsky, 1994; Saragusty et al., 2009) . When single cells or cell suspensions are cooled, the velocity of the advancing ice front and the morphology of ice crystals [dendritic, cubular (cellular) or spicular] influence how cells partition during extracellular freezing, i.e. whether they are accepted within the solid (called 'engulfment') or pushed into the supercooled fluid (called 'entrapment') Rubinsky, 1994, 1998; Hubel et al., 2007) . Entrapped cells are deformed by compressive and shearing forces as they are squeezed into smaller and smaller spaces by the growing ice crystals Rubinsky, 1994, 1998; Hubel et al., 2007) . Damage from close appression of membranes can result from this compaction (Steponkus et al., 1993) , and other intracellular components, such as the cytoskeleton, are also susceptible to damage (Takamatsu et al., 2005) . By contrast, engulfment results in lower mechanical stress, which is evident from an even dispersion of cells within the solid phase Rubinsky, 1994, 1998; Hubel et al., 2007) . In an analogous manner, growth of intracellular ice could have similar mechanical effects on the organelles and other structures within the cell. Fast cooling, cryoprotectants and high viscosity have been found to favour the formation of highly branched dendritic crystals and lower interfacial free energy between biological surfaces and ice, both of which are hypothesized to lower mechanical stress of ice and increase cell survival Rubinsky, 1994, 1998; Hubel et al., 2007) .
Despite the intracellular-ice-is-lethal paradigm, studies using diverse systems have shown the incidence of intracellular ice without mortality (Rebhun and Sander, 1971; Vertucci, 1989a, b; Vertucci et al., 1991; Wesley-Smith et al., 1992 , 2001b , 2004a Berjak et al., 1999; Acker and McGann, 2003) . Studies using differential scanning calorimetry (DSC) showed that considerably more water froze than Karlsson et al.'s (1993) permissible limits (Vertucci, 1989a, b; Vertucci et al., 1991; Wesley-Smith et al., 1992) , suggesting that there are large frozen and some unfrozen fractions, as seen in extracellular freezing experiments. Perhaps the unfrozen fractions are located within critical cellular machinery and are protected by freezedesiccation or vitrification mechanisms. The DSC studies also suggested that the structure of the ice was important to survival and this is supported by ultrastructural observations that, depending on the cell type, sufficiently small crystals (0 . 03-0 . 05 mm) are not lethal (Sakai and Otsuka, 1967; Bank, 1973 Bank, , 1974 Moor, 1973; Shimada and Asahina, 1975; Nei, 1978) . Ultra-fast cooling methods, similar to those now cited as vitrification methods, were used and resulted in a punctate glass studded with tiny ice crystals within the cytoplasm. Repeating these studies using multicellular specimens has proven difficult because unequal cooling rates along the periphery and interior of the specimen cause a wide range of ice crystal sizes to form (Van Venrooij et al., 1975; Bald, 1987) .
In this paper, we report on the extent of intracellular freezing and the size and location of ice crystals formed within cells of complex tissues as a function of cooling rate and water content. Samples were prepared for transmission electron microscopy using freeze-fracture and freeze-substitution to observe the relationship between ice properties and cell deformation, while survival after thawing was assessed in vitro. Motivated by the need to develop cryopreservation procedures to conserve genetic diversity of species producing recalcitrant seeds, we selected Acer saccharinum (silver maple), a temperate recalcitrant-seeded species, as the study system. Our study aimed to: (1) confirm interactions among cooling rate, water content and survival reported for embryonic axes from other recalcitrant seeds (Wesley-Smith et al., 1992 , 2001b , 2004a ; (2) determine the size and ultrastructural distribution of ice within cells of hydrated axes cooled at three different rates; and (3) relate freezing patterns to structural integrity of cells and survival in vitro.
MATERIALS AND METHODS

Seed material
Seeds of Acer saccharinum L. were obtained from three separate harvests in the USA, from trees in Fort Collins, CO, Greenbelt, MD, and Vermillion, SD, during late April to May. Mature seeds were sorted and stored within plastic bags at 4 8C until used, which was within 7 d of harvest. Embryonic axes were excised and accumulated on moistened filter paper prior to being dehydrated and/or exposed to cryogenic temperatures.
Dehydration
Excised embryonic axes were dehydrated rapidly using the flash-drying chamber described previously (Wesley-Smith et al., 2001a; Pammenter et al., 2002) and sampled after 0, 10-20 or 120 -165 min of drying. Using a micro-balance, five axes from each drying time were individually weighed immediately, and water contents were determined gravimetrically after drying to constant weight in an oven at 95 8C. Water contents are expressed as g H 2 O (g dry mass)
21 (g g
21
).
Exposure to liquid nitrogen (LN)
Axes dried for different durations were exposed to cryogenic temperatures using four methods. Fastest cooling was achieved by placing a specimen on a foil strip (3 . 5-4 . 2 mg) and waving it in sub-cooled nitrogen ( -210 8C) . A comparable cooling rate was achieved by affixing axes to small metal specimen supports that were injected into sub-cooled nitrogen ( -210 8C) using a spring-loaded plunging device so that they were forcibly plunged individually into the cryogen to a depth of 160 mm at an average velocity of 1 . 2 m s 21 (Wesley-Smith et al., 2004a) . Another cooling method made use of batches of five axes enclosed within envelopes made of a single layer of commercial light-weight aluminium foil weighing between 26 . 5 and 28 . 5 mg that was folded symmetrically into rectangles measuring 15 × 10 mm. Axes were secured within these envelopes by folding over the outermost 2 mm of all open sides. The envelopes were held by a corner and immersed into LN using forceps pre-cooled in LN. In the slowest cooling method, samples were loaded into an open DSC pan that had been placed on a Perkin Elmer DSC7 (Norwalk, CT, USA) sample holder previously cooled to -190 8C. Cooling rate was determined by the time the calorimeter regained temperature control, which was 3 . 3 8C s
(200 8C min 21 ) from room temperature to -120 8C and 1 8C s 21 from -120 to -175 8C (Wesley-Smith et al., 1992 , 2004a . Following cooling, the open pans containing the axes were transferred using pre-cooled forceps to a container filled with LN. All samples were maintained in LN at least 30 min before warming.
Axes were thawed in water at 40 or 4 8C. Faster warming was achieved by direct exposure of axes to distilled water at 40 8C; either axes were retrieved from the LN reservoir using pre-cooled forceps and immersed into the warm water to a depth of 100 mm or the LN reservoir was quickly decanted while simultaneously adding 500 mL of water at 40 8C. The same procedure, but using water at 4 8C, gave slower warming. All axes were subsequently exposed to water at 40 8C for 1 min to ensure uniformity of experimental conditions across treatments.
Cooling and warming rates for six axes per treatment were measured in the core of axes plunged into the cryogen or within aluminium foil envelopes using a Type 'J' thermocouple of 125 mm wire diameter and 300 mm bead diameter (WesleySmith et al., 2004a) . Reported rates were calculated within the temperature range of 0 to -60 8C assuming linear cooling.
Survival assays
The effect of cooling and warming treatments on survival of axes at various water contents was assessed by germination in vitro (Wesley-Smith et al., 1992 , 2001b . Following cryoexposure and warming, axes from all treatments were held on moistened filter paper for 30 min in the dark prior to in vitro culture. Axes were then surface-sterilized and aseptically plated on Woody Plant Medium (Lloyd and McCown, 1980 ) solidified with 0 . 7 % (w/v) agar and allowed to incubate at 25 8C for 2 d in the dark. Petri plates containing recovering axes were given 4 h, then 8 h, of light on days 3 and 4 and then maintained under a 16 : 8-h light/dark photoperiod until survival was assessed 4 weeks later. Surviving axes were scored as 'normal' if the radicle doubled in length and shoots expanded and turned green. 'Abnormal' development was recorded if axes failed to develop shoots, radicles appeared stunted or callus formed. Dead axes showed no greening or growth and generally became necrotic within a few days.
Proportion data for surviving (i.e. normal + abnormal + callus) and dead axes were analysed according to Crawley (2007) with harvest date, water content and cooling rate treated as categorical factors with three treatments each and warming rate as a factor having two treatments. Each experimental treatment was tested using between six and 18 axes. Significance of each factor was tested using a logistic model with a binomial or quasibinomial error distribution (R Development Core Team, 2011). Further analyses were conducted with proportion of axes having normal growth or normal root growth. Models were simplified by first removing variables of harvest date and warming rate. In a second set of analyses, the water content (wc) treatment was divided into two treatments, wet (wc ≥ 0 . 9 g g 21 ) and dry (wc ≤ 0 . 3 g g 21 ).
Microscopy: freeze-fracture replication (FF) and freeze-substitution (FS)
Freeze-fracture. Whole embryonic axes from the seed lot harvested in Fort Collins were mounted horizontally on gold planchettes (Bal-Tec, Liechtenstein) using a small amount of commercial silicone sealant, and cooled as described above. Specimens were loaded onto the pre-cooled stage of a Bal-Tec BAF-060 freeze-fracture instrument (Bal-Tec) and planed to a longitudinal median section, shadowed and replicated without etching following standard procedures. Replicas were cleaned by stepwise exposure to increasing concentrations of Chromerge (Fisher Scientific, Waltham, MA, USA) over 2 d, and washed by reversing this process. After several rinses in distilled water, replicas were collected on 600 mesh copper grids.
Freeze-substitution. Freeze-substitution is ideally suited to observe cavities within cells formed by ice crystals during cooling (e.g. Sherman and Kim, 1967; Sakai et al., 1968; Fujikawa, 1988) , which appear as electron-translucent voids in thin sections at the transmission electron microscope level. Using a scalpel blade, axes, cooled as described above, were halved into root and shoot segments under LN to speed up the typically slow rate of substitution. Specimens were transferred to a -80 8C freezer and processed using a protocol modified from Ding et al. (1991) , which consisted of immersion in 0 . 1 % (w/v) tannic acid in acetone for 1 d, followed by 3 d in a medium containing 2 % (v/v) anhydrous glutaraldehyde in methanol (Electron Microscopy Sciences, Fort Washington, PA, USA), 2 % (w/v) osmium tetroxide and 2 % (w/v) uranyl acetate in acetone. This medium contained a final concentration of 20 % methanol introduced by the anhydrous glutaraldehyde solution. Subsequently, specimens were subjected to stepwise warming ( -60 8C for 18 h, -40 8C for 12 h, -20 8C for 12 h and 0 8C for 3 h) using a custom-made heating device, rinsed twice in acetone and processed for transmission electron microscopy (TEM) using standard procedures. The size and density of ice crystals present in the cells of frozen axes were quantified following analysis of FF and FS images obtained using TEM (JEOL JEM 1010; JEOL Ltd, Tokyo, Japan). Measurements were performed on ten cells from radicle and shoot tissues originating from each of three axes that were prepared for TEM using freeze-substitution. Ice crystal diameters are reported as average values, while the frequency of occurrence is given as the number of crystals per mm 2 area of each cell measured.
RESULTS
Excised embryonic axes of freshly harvested A. saccharinum seeds had average dry mass ranging from 1 . 23 to 1 . 49 mg (depending on harvest provenance) and average water content ranging from 1 . 55 to 1 . 91 g H 2 O (g d. wt) 21 (also depending on harvest provenance). Axes were between 4 and 5 mm long and 90 % germinated in culture within 3-4 d.
The histological appearance of axis root and shoot apices at the light microscope level is shown in Fig. 1A and B, respectively. Meristematic cells from the radicle of freshly harvested axes showed characteristically thin, convoluted walls, few and small vacuoles, and evenly distributed organelles (Fig. 1C ). Nuclei were centrally positioned and typically were not spherical. The many plastids (P) contained prominent starch grains (Fig. 1C) . There was little internal differentiation of these relatively electron-dense plastids, but plastoglobuli (PG) were frequently observed (Fig. 1D ). Mitochondria could be recognized (M, Fig. 1C ), but they were relatively undifferentiated having no recognizable cristae. Abundant polysomes occurred throughout the cytoplasm of meristematic cells and were also bound to short profiles of endoplasmic reticulum (ER, Fig. 1D, E) . In spite of the undulating profile of the cell wall, the plasmalemma remained closely appressed in all cells examined (Fig. 1C) . Cells from the shoot meristem were turgid and had larger vacuoles than their distal counterparts (Fig. 1F) . Elongated plastids, relatively undifferentiated mitochondria, lipid bodies and polysomes, both in the cytoplasm and associated with profiles of ER, were observed in shoot meristem cells (Fig. 1F) .
Flash drying for 10-20 and 120-165 min reduced axis water content to between 0 . 9 and 1 . 1 and 0 . 2 and 0 . 3 g g 21 , respectively (Table 1 ). Drying to these water contents had no significant effect on germination; between 80 and 100 % axes germinated normally (data not shown). Drying axes below 0 . 18 g g 21 was lethal (data not shown).
Cooling rate depended on the size and water content of axes as well as the cooling procedure. Cooling rates achieved by plunging bare axes into sub-cooled nitrogen using the spring loaded device increased from 97 to 311 8C s 21 as drying time increased (Table 1 ). These cooling rates were comparable to calculations of cooling rate through conductive heat transfer within a sample of similar mass and water content range (Fig. 2) . Reduced heat capacity of samples was important to the .300 8C s 21 achieved in samples dried for 165 min. Calculations demonstrated that a similarly sized sample (1 . 6 mg fresh mass) containing 1 . 9 g g 21 would cool at about one-third the rate of the dryer sample (see dashed line in Fig. 2) . Axes cooled at about 200 8C s 21 when placed on foil strips and waved through sub-cooled (-210 8C) or LN (-196 8C) ; however, little effect of water content was observed (Table 1) . Enclosing samples within aluminium foil envelopes appeared to slowly cool fully hydrated samples at about 77 8C s 21 (Table 1) . Reducing water content also increased cooling rate in these samples, but never to the same levels as the strips or direct injection. Slowest cooling was achieved using the DSC fast cooling capability, which is 3 . 3 8C s 21 (200 8C min
21
) in the DSC7. Warming rates averaged 204 or 67 8C s 21 for individual axes that were plunged into water at 40 or 4 8C, respectively (Table 1) .
Between 60 and 85 % axes showed symptoms of survival (normal + abnormal organ growth + callus) after exposure to LN (Fig. 3 ) regardless of treatment (except for the wettest material cooled at the fastest rate) applied in this study. Statistical analyses revealed little to no effect of harvest date (data not shown), warming rate, cooling rate or water content on survival or normal root development, except for an adverse interaction between the highest water content and fastest cooling rate on normal root development (Fig. 3A, B) . A greater proportion of normally developing seedlings was observed when dry (wc ≤ 0 . 3 g g 21 ) compared with wet (wc ≥ 0 . 9 g g 21 ) axes were exposed to LN (Fig. 3E, F) , although no other treatment had strongly significant effects. The relatively high recovery of roots but low proportion of normally developing seedlings demonstrates higher susceptibility of the shoot to damage during cryo-exposure of hydrated axes. Warming rapidly in water at 40 8C slightly ameliorated damage to cryo-exposed shoot tissues (Fig. 3A, C, E) .
The nature of ice formation and the structural integrity of cells in cryo-exposed axes were investigated to address (1) the different responses of root and shoot cells to cryo-exposure, (2) the greater root damage in bare axes plunged into LN compared with foil-enclosed or DSC-cooled axes, and (3) the comparable survival rates of fully hydrated and partially dried axes. Most fully hydrated embryos exposed to LN subsequently developed normal roots or both roots and shoots. A high incidence of necrosis after cryo-exposure was evident only in the fastest cooling treatment (Fig. 3A, B) . For radicle cells from axes containing 1 . 5-1 . 9 g g 21 of water and plunged into subcooled nitrogen (viability in column 1 in Fig. 3A, B) , FF replicas and FS material revealed widespread crystallization dispersed throughout the cytoplasm, nuclei, vacuoles and other organelles in most cells studied [FF (Fig. 4A, B) ; FS (Fig. 4C) ]. Organelles in the radicle maintained shape even when ice formed immediately to their exterior, suggesting they did not freeze-desiccate. Neighbouring cells often had strikingly different appearances (e.g. Fig. 4B ), which underlines the marked variability in ice crystal sizes occurring even in cells subjected to the same cooling rate (Table 2) . In shoot cells, only the contour of organelles could be recognized, as ice crystals obliterated internal detail (Fig. 4D) . The diameter of ice crystals averaged 0 . 21 and 0 . 19 mm in cells of the radicle and shoot, respectively (Table 2) . Although similarly sized, almost twice as many ice crystals were found in the cytoplasm of the shoot cells compared with that of the radicle (Table 2) . Cells within the shoot having the smallest crystals (about 0 . 07 mm in diameter, Fig. 5 ) also had nearly 100 crystals per mm 2 compared with cells with larger (between 0 . 15 and 0 . 20 mm diameter) but fewer (,10) crystals (Fig. 5) .
Similar patterns of intracellular freezing were observed in fully hydrated axes that had been cooled in foil envelopes at about 77 8C s 21 (viability in column 2 in Fig. 3A, B ; Table 1 ). Somewhat larger ice crystals formed in the cytoplasm of radicle cells, compared with the sub-cooled nitrogen plunging treatment ( Table 2 ) that allowed identification of organelles but obliterated details of the fine structure (Fig. 6A) . Sections through corresponding areas in FS preparations confirmed the presence of ice crystals within the cytoplasm and nucleus of these cells (Fig. 6B) . The nuclear envelope could be resolved clearly in FS material and ice crystals were observed on both sides as well as traversing the nuclear envelope, possibly through nuclear pores (arrows; Fig. 6B ). Ribosomal subunits and microfilament bundles seemed trapped between ice crystals (Fig. 6C) . Notably, matrices of organelles such as oil bodies (Fig. 6D), mitochondria (Fig. 6E) and plastids (Fig. 6F ) appeared to be free of ice in approx. 80 % of the radicle cells and 60 % of shoot cells investigated.
Larger and far fewer ice crystals formed when fully hydrated axes were cooled at 3 . 3 8C s 21 (viability in column 3 in Fig. 3A, B; Table 2, Fig. 5 ). Crystal diameters in radicle and FIG. 2. Measured and predicted effects of specimen size on cooling rate using the plunge cooling apparatus. Data points represent average cooling rates measured for axes dried for 0, 20 and 165 min and the solid curve represents cooling rates predicted using a conduction-driven heat transfer model for a rodshaped specimen having 1 . 3 mg dry mass and water contents ranging from 0 . 3 to 2 . 5 g g
. The dashed curve represents cooling rates predicted using the same model for specimens containing 1 . 9 g g 21 and dry mass ranging from 0 . 5 to 2 mg. Heat capacity and thermal conductivity of water and rice hulls are used to parameterize the model (heat capacity ¼ 4 . shoot cells averaged 0 . 4 and 2 . 8 mm, respectively (Table 2) . Larger but fewer crystals in the slowest cooled samples suggest sufficient time was available to separate and consolidate frozen and unfrozen phases in the cytoplasm. Hence, the cytoplasm within these relatively slowly cooled cells compressed into areas that were free of ice crystals (Fig. 7) compared with cytoplasm in faster cooled samples that remained dispersed throughout the cell (Figs 4 and 6) . Consolidation of the ice phase and separation and compression of the fluid matrix were more apparent in shoot cells, where ice crystals tended to be larger and fewer than counterpart cells in the radicle ( Fig. 7D ; Table 2 , Fig. 5 ). Apparently intact, although visibly compacted, profiles of ER were observed interspersed among the large ice crystals (Fig. 7A, B) . Dissociated ribosomal subunits were apparent in the compacted cytoplasm of these cells (Fig. 7B, D) . The boundary of the nuclear envelope appeared intact even though ice crystals were visible on both sides. Infrequently, the nucleus (as shown in Fig. 7B ) seemed to have escaped freezing, although the cross-sectional areas visible in the centre and top left corner of that micrograph (asterisks) suggests that this structure was highly lobed. Irregularities in membrane structure are frequently diagnosed by uneven distribution of intra-membrane particles (IMPs). However, IMPs appeared uniformly distributed in FF replicas of cells with abundant intracellular ice (Fig. 8) . Instead, irregular fracture planes are symptomatic of distorted membrane architecture, as shown for the nucleus (Fig. 7C) . Fragments of membrane associated with the plasmalemma were occasionally observed ( Fig. 8C ; cooled in foil envelope), suggesting that either ice crystals and/or drying could have predisposed the membrane to fracture irregularly.
Slight drying did not increase survival of embryos exposed to LN compared with undried treatments, except for the fastest cooling treatment. Normal shoot development was consistently observed in this treatment, albeit at low proportions (Fig. 3C,  D) . FF replicas of radicle cells from axes dried to 0 . 9-1 . 1 g g 21 and plunged into sub-cooled nitrogen (viability in column 1 of Fig. 3C, D) revealed intact cell structures and indicated few visible symptoms of cell disruption or presence of ice crystals. Organelles were well defined and remained evenly distributed within the cytoplasm (Fig. 9A-C) , similar to those observed in thin sections of axes that were neither dried nor cooled (cf. Fig. 1C, D, E) . The outlines of mitochondria, vacuoles and plastids were smooth and rounded (Fig. 9B ) and ER could be seen near the periphery of the cells (Fig. 9C) . In a few cases, nuclei appeared somewhat distorted (Fig. 9A ) and some fracture planes showed evidence of membrane fragments pressed against the plasmalemma or the nuclear envelope (Fig. 9D) , suggesting perhaps that some intracellular freezing had occurred and distorted the cell architecture to some extent. High magnification of partially dried, rapidly cooled axes revealed cell structures devoid of artefacts attributable to ice crystal formation (Fig. 9A, B) . Evidence of unevenly distributed IMPs or irregular fracture planes was only rarely observed in axes dried to about 1 g g
.
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Thawed , and then exposed to LN via plunging into sub-cooled nitrogen (first bar), immersion into LN in foil envelopes (second bar) and DSC cooling (third bar) methods to give the indicated cooling rates. Frozen axes were then thawed in warm water (first row) and cold water (second row). Cooling rates for different treatments are listed in Table 1 . Axes were evaluated over 4 weeks in vitro for normal germination and development or growth abnormalities.
Sections of axes dried to 0 . 2-0 . 3 g H 2 O (g d. wt) 21 were not viewed using FF or FS.
DISCUSSION
This study is the first of a two-part series that investigates the relationships between water content, cooling rate, ice formation and survival in cryo-exposed embryonic axes of Acer saccharinum (silver maple). Cooling rates used in the study varied from about 3 to up to 300 8C s
21
, a range that should effectively exclude extracellular ice formation by freeze-desiccation, but may alter the crystalline structure of intracellular ice. Here, we report our findings about ice and cell structures within frozen axes, with the subsequent paper reporting on cell ultrastructure after thawing and during recovery.
In fully hydrated axes, ice crystals were prevalent within the cytoplasm of every cell. Ice crystal diameter ranged from about 0 . 07 to 5 mm in our study (Fig. 5) . For comparative purposes, ice crystal diameters in the range 30-50 mm are the allowable limit for smooth-textured frozen desserts such as ice cream (Donhowe et al., 1991; Hartel, 1996; Russell et al., 1999; Arellano et al., 2012) , and a diameter of 1 -3 nm (275 molecules) has recently been reported as the smallest possible ice crystal (Pradzynski et al., 2012) .
Achieving very small crystals requires substantial technological intervention. The rapid cooling rates that we were able to achieve are near the limits of physical possibility based on thermal mass of the A. saccharinum embryos (Walters et al., 2008; Fig. 2) . With the specimen sizes used, convective cooling probably occurred around the periphery of the embryo, but cooling of the interior cells of the axis would be dominated by heat transfer through conduction. Decreasing the water content of the specimen reduced the fresh mass, and also reduced the heat capacity of the specimen, giving an exponential rise in achievable cooling rates (Fig. 2) . Cooling under high pressure, which depresses the freezing point, may reduce the stringency for extremely rapid cooling of high-moisture samples and widen the window of allowable water contents in bulky samples such as recalcitrant embryonic axes (Yakovlev and Downing, 2011) . Using FF preparation for electron microscopy, ice crystals could not be detected in radicle cells of A. saccharinum axes dried to about 1 g H 2 O (g d. wt) 21 (Fig. 9) , even though ice would have been present according to DSC measurements of embryos of other species having water contents greater than 0 . 25 g g 21 (e.g. Vertucci 1989a; Pammenter et al., 1991; Vertucci et al., 1991; Wesley-Smith et al., 1992) . This leads to the conclusion that ice nuclei must have formed in the partially dried cells, but that crystals were too small to detect using methods employed in this study. Possibly the sizes of crystals affect their thermodynamic properties, which potentially explains differences in the temperature and enthalpy of water melting transitions in embryonic axes having different water contents and cooled at different rates (Vertucci, 1989b; Vertucci et al., 1991; Wesley-Smith et al., 1992) . Ice crystals may grow and consolidate upon warming, which would not be detectable in these FF or FS measurements, but would be detectable using different scanning rates in DSC.
Despite a large amount of intracellular ice in fully hydrated cells, most axes showed evidence of survival after cryo-exposure, with some producing a root or both a root and a shoot if cooled at 77 and 3 . 3 8C s
. In fact, the expected interaction between water content, cooling rate and survival (Pence, 1992; Vertucci, 1989a, b; Wesley-Smith et al., 1992 , 2001b , 2004a Walters et al., 2008) was not apparent in this series of experiments, probably because cooling and warming were sufficiently rapid to create and maintain benign ice crystals. In past studies, a common experimental protocol used cooling rates less than 1 8C s 21 , while 3 . 3 8C s 21 was the slowest cooling procedure used here. Our results suggest that intracellular ice formation per se is not lethal, at least for the size and density of crystals observed in this study, i.e. ice crystals with diameter between 0 . 2 and 0 . 4 mm and a density of ≤20 crystals per mm 2 of cytoplasm (Table 2 , Fig. 5 ). Shoot cells were more sensitive than radicle cells to damage during cryo-exposure of fully hydrated and partially dried axes ( Fig. 3A-D ; P , 0 . 05). Crystals in shoot cells were often smaller and more prevalent or larger and consolidated, compared with those in radicle cells (Table 2, Fig. 5 ), and the contrast between radicle and shoot tissues may reveal tolerated limits of ice crystal growth in plant cells. Alternatively, shoot cells may be more sensitive than radicles to associated oxidative stresses of cryo-exposure (Kranner et al., 2010; Berjak et al., 2011) . This possibility is somewhat refuted by the high level of shoot recovery in axes dried to 0 . 2-0 . 3 g g
, suggesting the nature of damage during cryo-exposure is distinct from mechanisms associated with desiccation stress. Failure to develop normal shoots after cryo-exposure limits routine application of cryopreservation of embryos from recalcitrant seeds; hence, it is critical to understand the basis for variation in response between radicle and shoot tissues.
There was an apparent absence of ice crystals within the lumen of the ER and the matrices of mitochondria and plastids when Measurements were performed on 5 -10 cells from each pole of two axes. Minimum and maximum number of ice crystals detected within cells to illustrate the high variation observed in ice crystal frequency. Treatments with the same letter are not significantly different (P . 0 . 05). ) shows ice crystals lining the inner and outer faces of the envelope, and occasionally traversing this boundary (arrows) possibly through nuclear pores. In contrast, the matrices of organelles, such as the plastid (P) illustrated, appeared devoid of ice inclusions. (C) Large ice crystals (appearing as structureless voids) entrapped regions of highly condensed cytoplasm in which structures presumed to be of cytoskeletal origin (asterisk) can be seen. The plasmalemma (arrowheads), which appeared intact despite the proximity of ice crystals, remained closely appressed to the wall (CW). (D, E) There was no evidence of ice nucleation having occurred in lipid bodies (D) or mitochondria (E). (F) Cells of FS shoot apices showed widespread ice crystallization in nuclei, cytoplasm and vacuoles, but this was not apparent in membrane-bound organelles as shown by the plastids (P) illustrated here.
axes were cooled at 77 8C s 21 in foil envelopes (Fig. 6 ). This perhaps suggests that location, rather than mere presence, of ice crystals is important. One is tempted to invoke a possible role for the provocative new concept of natural deep eutectic solvents (NADES) that was recently introduced to the plant stress literature (Choi et al., 2011) . NADES-type solutes substantially reduce the freezing point and concomitantly increase viscosity, which would favour vitrification or discourage ice crystal growth, reducing the stringency for extremely rapid cooling. The lack of ice crystals detectable within the organelles compared with their frequency in the cytoplasm (Fig. 6 ) may provide evidence that NADES are operating to protect cell dispersions and critical cell machinery.
Having established that intracellular ice does not invariably cause cell death, we can hypothesize about the conditions and mechanisms in which intracellular ice is lethal. The plasmalemma is most often cited as the primary site of lethal damage (Steponkus et al., 1993) ; however, scrutiny of the plasmalemma surface did not show the disruption expected in lethally damaged cells. In fact, the distribution of intramembrane particles (Fig. 8 ) and possible compression among membrane surfaces (Figs 7C and 8C) suggest only subtle and occasional plasmalemma damage from intracellular ice formation.
In fact, ultrastructural preservation appears excellent in frozen cells with damage mostly evident from abnormal subsequent development or necrosis (Fig. 3) . When ice crystals were small (, 0 . 4 mm; Table 2), the cytoplasm remained dispersed; but when ice crystals were larger (2 -5 mm), the cytoplasm was consolidated and compressed into small areas of the cell. Analogously, single cells in suspension culture entrapped by an extracellular ice front suffer lethal mechanical stress as they are squeezed into the unfrozen fraction between ice crystals, while cells engulfed by dendritic crystals remain dispersed and show less mechanical stress Rubinsky, 1994, 1998; Hubel et al., 2007; Saragusty et al., 2009) . The current observations present an exciting application of recent work relating dispersions within cytoplasm, also described as phase separations or liquid droplets within the fluid cytoplasm, to the . Irregular fracture planes and areas free of IMPs were sometimes observed in rapidly-cooled specimens. (C) Intra-membrane particles remained evenly dispersed upon cooling hydrated axes in foil envelopes at about 77 8C s
, although surfaces occasionally revealed fragments suggesting irregular fracture planes. (D) Despite ice crystal location contiguous with the plasmalemma (ref. Fig. 6C ), IPMs remained evenly distributed, as is illustrated for material at 1 . 03 g g 21 cooled at 3 . 3 8C s 21 .
mechanisms of cell damage during stress (Hyman and Simons, 2012) . Cell dispersions constitute a leading hypothesis to explain localized regulation of metabolism and rapid cellular responses to signals such as stress (Narayanaswamy et al., 2009; Hyman and Brangwynne, 2011; Hyman and Simons, 2012) . We speculate that large ice crystals are damaging because they disrupt this subtle spatial order within the cytoplasm that is necessary for repair and/or normal cell function. We interpret the possible adverse interaction between the highest water content and fastest cooling treatment (97 8C s 21 achieved by plunging into sub-cooled LN) as damage associated with direct contact of the bare embryo with the nitrogen slush, perhaps caused by impact on the semi-fluid surface at high speed. Cells contained many ice crystals (even within organelles) (Fig. 4) . These axes were propelled into sub-cooled nitrogen at a velocity of 1 . 2 m s 21 and the impact occurring when the projectile struck the surface of the nitrogen slush or hit the bottom of the vial containing LN might give rise to considerable physical/ mechanical stress (Wesley-Smith et al., 2004b) . Therefore, the widespread occurrence of ice crystals may have been a consequence of physical jarring, rather than cooling rate per se. Axes cooled at 77 or 3 . 3 8C s 21 were either wrapped in aluminium foil envelopes or placed on the DSC stage: they did not experience impact stresses and exhibited few ice crystals within organelles (Fig. 6 ).
CONCLUSIONS
The lethality of intracellular ice formation is an established paradigm in plant stress physiology. In this paper, we demonstrate that radicle cells of Acer saccharinum survived widespread ice formation. Crystal size and density were restricted by rapid cooling rates (70 -300 8C s
21
) to about 2 -4 mm and 10-20 crystals mm
22
, respectively, and crystals were fewer or not detected in some organelles. Drying reduced crystal sizes observed after cooling to undetectable levels; however, survival of fully hydrated and partially dried samples was similar. We conclude that: (1) intracellular ice is not necessarily lethal; (2) shoot cells are more susceptible to freezing damage than radicle cells because similar drying and cooling protocols result in either more or larger crystals in the shoot; and (3) the apparent absence of ice from the interior of the ER and organelles could be an important factor in cryo-survival. Large or dense ice crystals are believed to disrupt the natural dispersion of liquid -liquid phases now known to occur in cells.
